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Very few studies have investigated the determinants of serum vitamin D levels using a set of variables that include
simultaneously sun exposure, phototype, dietary intake, sociodemographics, anthropometric, lifestyle data, and
genetic polymorphisms. Our objective was to investigate the associations between all these parameters and
vitamin D status in a large sample of French adults. This cross-sectional survey was based on 1,828 middle-aged
Caucasian adults from the SU.VI.MAX (SUpple´mentation en VItamines et Mine´raux AntioXydants) study. Plasma
25-hydroxyvitamin D (25OHD) concentration was lower among women (Po0.0001), older subjects (P¼ 0.04),
obese/underweight (Po0.0001), those living at higher latitudes (Po0.0001), those whose blood draw occurred in
early spring (Po0.0001), less physically active (Po0.0001), with low sun exposure (Po0.0001), and with no-to-low
alcohol intake (P¼ 0.0001). Mutant GC rs4588 and rs7041 single nucleotide polymorphisms were associated with
lower and higher 25OHD concentrations, respectively (Po0.0001). Dietary intake was not a major determinant of
vitamin D status (P¼ 0.7). This study provides an overall picture of determinants of vitamin D status. Several
modifiable factors were identified, such as daily-life moderate sun exposure, physical activity, and normal-weight
maintenance, which should be targeted by public health policies in order to improve vitamin D status in the
general population, while avoiding active/intensive sun exposure, in line with recommendations for skin cancer
prevention.
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INTRODUCTION
Vitamin D is a pro-hormone that has a critical role in the
phosphocalcic metabolism, and sufficient vitamin D levels are
essential for optimal bone mineral density. Vitamin D can be
supplied from dietary sources but is mainly generated endo-
genously from skin exposure to sunlight via the epidermis,
which is the main site of vitamin D3 photosynthesis (Lehmann
et al., 2004; Reichrath, 2007). In addition, the vitamin D
receptor (VDR) located within the keratinocytes makes these
cells a unique photoendocrine vitamin D system that is
stimulated by UVB irradiation (Holick, 2007). Binding of
vitamin D on keratinocyte VDR enhances the production of
cathelicidins, which have potent microbicidal activities and
are a major component of the innate immune system (Zasloff,
2005). This argues for an important role of vitamin D in
immune defense. Indeed, most tissues and cells in the body
express VDRs, and several tissues possess the enzymatic
machinery to convert the primary circulating form of vitamin
D, 25-hydroxyvitamin D (25OHD), to the active form, 1,25-
dihydroxyvitamin D. Besides its immune-modulatory and anti-
inflammatory properties, there is now increasing epidemio-
logical and experimental evidence for a protective effect of
vitamin D not only on the risk of fall and fracture but also on
dental health, colorectal cancer, hypertension, and cardio-
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vascular mortality (Rosen, 2011; Touvier et al., 2011;
Vimaleswaran et al., 2014). Thus, reaching and maintaining
an optimal vitamin D status at all life stages is of major
individual and public health importance.
Some determinants of vitamin D status are now well
established. This is the case, for instance, for sun
exposure (Holick, 2007) and physical activity (Freedman
et al., 2013), both known to be associated with increased
vitamin D status. However, even for these later factors,
some issues remain. Indeed, the optimal level of usual
sun exposure needed to positively impact vitamin D status is
still undetermined. This question is crucial considering
that excessive sun exposure is the most established
risk factor for skin cancer and premature skin aging
(Glossmann, 2013; Petersen et al., 2014). Regarding
physical activity, it is still unclear whether this factor
has a causal influence on vitamin D status as such, or
whether the influence is only from sun exposure during
outdoor physical activity practices. Besides, other potential
lifestyle correlates of vitamin D status, such as alcohol intake,
have been poorly investigated (Bertrand et al., 2012;
Engelman et al., 2013; Saquib et al., 2006; Shirazi et al.,
2013; Thuesen et al., 2012).
Single nucleotide polymorphisms (SNPs) of genes involved
in vitamin D and/or calcium metabolism could also influence
circulating 25OHD concentrations (Hiraki et al., 2013; Wang
et al., 2010). Of particular interest are genes coding for the
VDR, the vitamin D-deactivating enzyme 24-a hydroxylase
(CYP24A1), the calcium-sensing receptor (CASR), the retinoid
X receptor (RXR, which forms a heterodimer with the VDR
upon vitamin D activation), and the GC gene (encoding for
the vitamin D-binding protein). However, little is known
regarding the associations of these genes with vitamin D
status (Trummer et al., 2012; Bouillon, 2010; Engelman et al.,
2008, 2013; Ahn et al., 2010).
Finally, to our knowledge, only one study has assessed the
co-influence of sun exposure, phototype, dietary vitamin D
intake, physical activity, anthropometry, sociodemographic
and lifestyle factors, and genetic polymorphisms on vitamin D
status, simultaneously in the same population, and it was
restricted to at-risk subjects––i.e., post-menopausal women
(Engelman et al., 2013). Thus, our objective was to investigate
the relative association of all these parameters with vitamin D
status in a large sample of French middle-aged Caucasian
adults.
RESULTS
Characteristics of the study population are described in
Table 1. Participants were Caucasian middle-aged men and
women. Mean 25OHD plasma concentration was 20.0 ng ml 1
(SD¼ 10.3); 14.8% of subjects had a vitamin D status
p10 ng ml1 and 57.8% had a vitamin D statusp20 ng ml1.
Mean plasma parathyroid hormone (PTH) concentration was
26.3 ng l 1 (SD¼9.4).
All studied SNPs respected the Hardy–Weinberg equili-
brium (P40.05), except VDR BsmI rs1544410 and VDR FokI
rs2228570/10735810 (both P¼0.01). The repartition of sub-
jects across the different genotypes was in accordance with
that observed in European reference populations (CSHL-
HapMap-CEU and 1000GENOMES-phase_1_EUR) for all
SNPs (P40.05).
Vitamin D status was lower among women (Po0.0001),
older subjects (P¼0.04), obese or underweight subjects
(Po0.0001), subjects who lived at higher latitudes
(Po0.0001), and those whose blood draw occurred in early
spring (Po0.0001; Supplementary Table 1 online). Conver-
sely, vitamin D status was higher among subjects who were
more physically active (Po0.0001), who had higher scores of
usual sun exposure (Po0.0001), those with higher Fitzpatrick
phototype (among Caucasians, P¼0.03), and those who
drank more alcohol (P¼0.0001; Supplementary Table 1
online).
Among the 10 studied SNPs, mutant GC rs4588 was
associated with lower vitamin D status, whereas mutant GC
rs7041 was associated with higher vitamin D status (both
Po0.0001; Supplementary Table 2 online).
Consistently, risk of 25OHD deficiency was higher among
women (ORwomen vs. men¼ 2.6, 95% confidence interval
(CI)¼ (1.6–4.3), Po0.0001), obese and underweight subjects
(ORobese vs. normal¼3.9 (2.2–7.0), ORunderweight vs. normal¼ 3.1
(1.1–9.2), Po0.0001), subjects who lived at higher latitudes
(ORQ4 vs. Q1¼3.2 (2.0–5.0), Po0.0001), and those whose
blood draw occurred in early spring (ORApril–May vs. October–
November¼ 3.7 (1.9–7.0), Po0.0001; Table 2). Risk of 25OHD
deficiency was lower among subjects who were more
physically active (ORX1 h per day vs. irregular¼0.4 (0.3–0.7),
Po0.0001), who had higher scores of usual sun exposure
(ORQ4 vs.Q1¼0.2 (0.1–0.3), Po0.0001), those with higher
Fitzpatrick phototype (among Caucasians, ORIV vs. I¼ 0.4
(0.2–0.99), P¼0.04), and those who drank more alcohol
(ORQ4 vs.Q1¼0.5 (0.3–0.8), P¼ 0.006; Table 2).
Mutant GC rs4588 was associated with higher risk of
25OHD deficiency (ORMT vs. WT¼4.9 (3.0–8.1), Po0.0001),
whereas mutant GC rs7041 was associated with lower risk
(ORMT vs. WT¼0.3 (0.2–0.5), Po0.0001; Table 3).
Associations were very similar regarding the risk of 25OHD
insufficiency (Tables 2 and 3).
Dietary intake of vitamin D, smoking status, and educa-
tional level were not related to vitamin D status in any model
(Supplementary Tables 1 and 2 online), nor were menopausal
status and hormonal treatment for menopause (data not
shown).
In multivariate models, higher practice of mountain sports
(ORQ4 vs. Q1¼ 0.4 (0.2–0.8), P¼0.003) and outdoor hobbies
(ORQ4 vs. Q1¼0.6 (0.4–0.9), P¼0.01) was independently
associated with lower risk of 25OHD deficiency. No associa-
tion was observed for nautical sports (P¼ 0.9). The adjunction
of these outdoor sports or hobbies into the multivariate model
did not modify the findings for all other covariates (including
physical activity).
All associations between 25OHD concentrations, risk of
vitamin D deficiency, risk of vitamin D insufficiency, and
nongenetic parameters were maintained when genetic factors
were entered in the models (data not shown). Further adjust-
ment for energy intake did not modify the findings. When a
stepwise selection of covariates was performed, all main
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Table 1. Characteristics of the study population (N¼ 1,828)
25OHDp10ngml 1, N¼271 10o25OHDp20ngml 1, N¼ 785 25OHD420ngml1, N¼772
N (%) Mean±SD N (%) Mean±SD N (%) Mean±SD
Gender
Men 94 (34.7) 327 (41.7) 412 (53.4)
Women 177 (65.3) 458 (58.3) 360 (46.6)
Age (years)
o40 12 (4.4) 42 (5.4) 48 (6.2)
40–44 34 (12.5) 88 (11.2) 65 (8.4)
45–49 72 (26.6) 219 (27.9) 190 (24.6)
50–54 68 (25.1) 205 (26.1) 192 (24.9)
55–65 85 (31.4) 231 (29.4) 277 (35.9)
Alcohol intake (g per d) 14.1±17.5 18.3±20.4 21.7±21.9
Quartile 1 1.7±2.9 1.9±3.0 2.7±3.6
Quartile 2 7.8±7.2 9.1±7.4 11.3±7.6
Quartile 3 16.9±11.8 20.4±12.0 21.4±12.3
Quartile 4 38.9±19.7 42.0±23.2 47.3±23.0
Body mass index (kg m 2)
o18.5 8 (2.9) 21 (2.7) 8 (1.0)
X18.5–o25 150 (55.4) 449 (57.2) 504 (65.3)
X25–o30 76 (28.0) 263 (33.5) 231 (29.9)
X30 37 (13.7) 52 (6.6) 29 (3.8)
Physical activity
Irregular 83 (30.6) 212 (27.0) 139 (18.0)
o1 h per d walking equivalent 97 (35.8) 247 (31.5) 210 (27.2)
X1 h per d walking equivalent 91 (33.6) 326 (41.5) 423 (54.8)
Smoking status
Never smoker 145 (53.5) 416 (53.0) 351 (45.5)
Former smoker 96 (35.4) 269 (34.3) 330 (42.7)
Current smoker 30 (11.1) 100 (12.7) 91 (11.8)
Educational level
Primary 68 (25.1) 181 (23.1) 162 (21.0)
Secondary 109 (40.2) 270 (34.4) 311 (40.3)
Superior 94 (34.7) 334 (42.5) 299 (38.7)
Menopausal status
Nonmenopausal 108 (61.0) 280 (61.1) 213 (59.2)
Menopausal 69 (39.0) 178 (38.9) 147 (40.8)
Hormonal treatment for menopause
Yes 61 (34.5) 156 (34.1) 144 (40.0)
Dietary intake of vitamin D (mg per d) 2.7±1.8 2.8±1.9 2.9±2.0
Latitude 47.5±1.8 47.2±3.1 46.5±2.1
Month of blood draw
October–November 21 (7.8) 108 (13.8) 176 (22.8)
December–January 72 (26.6) 225 (28.7) 290 (37.5)
February–March 134 (49.4) 359 (45.7) 239 (31.0)
April–May 44 (16.2) 93 (11.8) 67 (8.7)
Score for intensity of lifetime sun exposure 3.2±3.4 4.3±3.4 5.2±3.4
Fitzpatrick phototype1
I 20 (7.4) 34 (4.3) 19 (2.5)
II 76 (28.0) 206 (26.3) 146 (18.9)
III 141 (52.0) 425 (54.1) 454 (58.8)
IV 34 (12.6) 120 (15.3) 153 (19.8)
VDR BsmI rs15444102
C/C (WT) 86 (35.0) 271 (36.7) 259 (36.6)
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associations with vitamin D status were maintained in all
models (for gender, alcohol intake, body mass index (BMI),
physical activity, latitude, month of blood draw, intensity of
sun exposure, GC rs4588, and GC rs7041), whereas weaker
associations (for age and Fitzpatrick phototype) were not (data
not shown).
Higher PTH concentrations were associated with older age
(P¼ 0.008), higher BMI (P¼ 0.007), lower dietary vitamin D
Table 1. (Continued)
25OHDp10ngml 1, N¼271 10o25OHDp20ngml 1, N¼ 785 25OHD420ngml1, N¼772
N (%) Mean±SD N (%) Mean±SD N (%) Mean±SD
C/T (HT) 111 (45.1) 332 (45.0) 321 (45.3)
T/T (MT) 49 (19.9) 135 (18.3) 128 (18.1)
VDR FokI rs2228570/107358102
G/G (WT) 106 (39.6) 315 (40.8) 319 (42.1)
A/G (HT) 123 (45.9) 335 (43.3) 329 (43.5)
A/A (MT) 39 (14.5) 123 (15.9) 109 (14.4)
VDR Cdx2 rs115688202
C/C (WT) 147 (56.1) 434 (57.9) 430 (58.2)
C/T (HT) 98 (37.4) 269 (35.9) 269 (36.4)
T/T (MT) 17 (6.5) 47 (6.2) 40 (5.4)
CYP24A1 rs480995832
T/T (WT) 179 (67.8) 544 (72.2) 497 (68.0)
G/T (HT) 77 (29.2) 194 (25.8) 220 (30.1)
G/G (MT) 8 (3.0) 15 (2.0) 14 (1.9)
GC rs45882
G/G (WT) 99 (37.6) 356 (47.0) 418 (55.5)
G/T (HT) 116 (44.1) 331 (43.7) 284 (37.7)
T/T (MT) 48 (18.3) 71 (9.4) 51 (6.8)
GC rs70412
A/A (WT) 73 (27.5) 167 (21.8) 130 (17.3)
A/C (HT) 132 (49.6) 372 (48.6) 339 (45.1)
C/C (MT) 61 (22.9) 227 (29.6) 283 (37.6)
RXR rs78617792
C/C (WT) 183 (73.8) 562 (76.1) 556 (77.7)
C/T (HT) 60 (24.2) 167 (22.6) 149 (20.7)
T/T (MT) 5 (2.0) 10 (1.3) 11 (0.6)
RXR rs120045892
G/G (WT) 200 (76.9) 582 (77.0) 593 (79.9)
G/T (HT) 55 (21.2) 169 (22.3) 139 (18.7)
T/T (MT) 5 (1.9) 5 (0.7) 10 (1.4)
CASR rs18017252
G/G (WT) 174 (66.4) 543 (70.9) 538 (71.9)
G/T (HT) 83 (31.7) 201 (26.2) 195 (26.1)
T/T (MT) 5 (1.9) 22 (2.9) 15 (2.0)
CASR rs46781742
T/T (WT) 126 (49.2) 356 (48.3) 368 (50.9)
C/T (HT) 107 (41.8) 313 (42.5) 283 (39.1)
C/C (MT) 23 (9.0) 68 (9.2) 72 (10.0)
Plasma 25OHD concentration (ngml 1) 7.6±1.6 15.0±2.8 29.6±8.4
Plasma PTH concentration (ng l 1) 30.4±11.7 26.4±9.3 24.7±7.9
Abbreviations: HT, heterozygous type; MT, homozygous mutant type; PTH, parathyroid hormone; WT, wild type; 25OHD, 25-hydroxyvitamin D.
1I: always burns, never tans; II: burns easily, tans minimally; III: burns moderately, tans uniformly; and IV: burns minimally, always tans well.
2Missing data were as follows: 136 (rs1544410), 30 (rs2228570/10735810), 77 (rs11568820), 80 (rs4809958), 54 (rs4588), 44 (rs7041), 125 (rs78617793), 70
(rs120045893), 52 (rs18017253), and 112 (rs46781743). For nongenetic covariates, o5% of values were missing and were replaced by the mode.
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Table 2. Associations between 25OHD status (three classes) and nongenetic factors, SU.VI.MAX cohort, France
(N¼ 1,828)
n
410–p20 vs. 420ngml 1 p10 vs. 420ngml 1
P1
OR 95% CI OR 95% CI
Gender o0.0001y
Men 833 1.0 1.0
Women 995 1.8 1.3–2.5 2.6 1.6–4.3
Age (years) 0.2y
o40 102 1.0 1.0
40–44 187 1.6 0.9–2.8 2.3 1.0–5.3
45–49 481 1.7 1.1–2.9 2.3 1.1–4.9
50–54 465 1.9 1.1–3.1 2.8 1.3–6.1
55–65 593 1.5 0.9–2.5 2.5 1.1–5.4
Alcohol intake2 0.006
Quartile 1 456 1.0 1.0
Quartile 2 457 0.9 0.6–1.2 0.9 0.6–1.4
Quartile 3 458 0.8 0.6–1.1 0.6 0.4–0.9
Quartile 4 457 0.8 0.6–1.1 0.5 0.3–0.8
Body mass index (kgm2) o0.0001y
o18.5 37 2.6 1.1–6.2 3.1 1.1–9.2
X18.5–o25 1,103 1.0 1.0
X25–o30 570 1.4 1.1–1.9 1.3 0.9–1.8
X30 118 2.0 1.2–3.3 3.9 2.2–7.0
Physical activity o0.0001
Irregular 434 1.0 1.0
o1 h per d walking equivalent 554 0.8 0.6–1.1 0.9 0.6–1.3
X1 h per d walking equivalent 840 0. 6 0.4–0.7 0.4 0.3–0.7
Smoking status 0.3y
Never smoker 912 1.0 1.0
Former smoker 695 0.8 0.6–1.0 1.0 0.7–1.5
Current smoker 221 1.0 0.7–1.5 1.1 0.7–1.9
Educational level 0.3
Primary 411 1.0 1.0
Secondary 690 0.7 0.5–1.0 0.7 0.5–1.1
Superior 727 0.98 0.7–1.3 0.7 0.5–1.1
Dietary intake of vitamin D2 0.7
Quartile 1 456 1.0 1.0
Quartile 2 457 1.2 0.9–1.7 0.9 0.6–1.4
Quartile 3 458 1.1 0.8–1.5 1.0 0.6–1.5
Quartile 4 457 1.0 0.7–1.3 0.8 0.5–1.2
Latitude2 o0.0001
Quartile 1 459 1.0 1.0
Quartile 2 478 1.1 0.8–1.4 1.0 0.6–1.7
Quartile 3 424 1.7 1.3–2.4 2.3 1.5–3.8
Quartile 4 467 2.1 1.5–2.9 3.2 2.0–5.0
Month of blood draw o0.0001
October–November 305 1.0 1.0
December–January 587 1.3 0.9–1.8 2.3 1.3–4.0
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intake (P¼0.0003), higher latitude (Po0.0001), and blood
draw in winter/early spring (Po0.0001; Supplementary
Table 3 online). None of the tested SNPs was associated with
PTH concentrations (data not shown).
DISCUSSION
This study investigated a wide range of potential determinants
of vitamin D status simultaneously in a same data set. In this
large middle-aged Caucasian population, female gender,
under- and overweight, low physical activity, low sun expo-
sure, lower alcohol intake, homozygous mutant type of the
GC rs4588, and wild type of the GC rs7041 SNPs were
independently associated with low plasma 25OHD concen-
trations and thus higher risk of 25OHD deficiency.
As usually observed (Hintzpeter et al., 2008; Mithal et al.,
2009; van der Wielen et al., 1995), women were at higher risk
of 25OHD deficiency and insufficiency. Also consistent with
previous publications (Bertrand et al., 2012; Greene-Finestone
et al., 2011; Daly et al., 2012), overweight and obesity were
associated with higher risk of vitamin D deficiency. In an
intervention study on overweight/obese post-menopausal
women (Mason et al., 2011), weight loss was associated
with an increase in serum 25OHD concentration, strengthen-
ing the plausibility of a causal association. The relationship
between underweight (BMIo18.5 kg m2) and vitamin D
status has been poorly documented in the literature, but our
result of an inverse association is consistent with available
knowledge (Hintzpeter et al., 2008).
Higher latitude (associated with lower amounts of sun-
shine), winter/early spring season, and low sun exposure
(Major et al., 2013; Holick, 2007; Saquib et al., 2006) have
been associated with higher risk of 25OHD deficiency in the
literature, consistent with our findings. Although many studies
used time spent exercising or outdoors in the garden (Lucas
et al., 2005) or leisure-time physical activity (Giovannucci
et al., 2006) as surrogate markers of sunshine exposure, our
study collected detailed information about usual practices of
sun exposure (intensity, length, frequency, protection habits,
and so on) compiled into a validated score (Guinot et al.,
2001; Ezzedine et al., 2008, 2013; Elfakir et al., 2010).
Interestingly, improvement of vitamin D status was observed
starting from the second quartile of the score of sun exposure
and was relatively stable over the third and fourth quartiles.
These results suggest that even low daily-life sun exposure
behaviors contribute to increase vitamin D synthesis and
improve 25OHD concentrations. Definitely, such findings
are compatible with recommendations to avoid excessive
and active sun exposure for the prevention of UV damage
and skin cancers.
A positive linear association was observed between physical
activity and plasma 25OHD concentrations in our study,
consistent with previous literature (Thuesen et al., 2012;
Engelman et al., 2013; Berger et al., 2012). Interestingly, this
result was adjusted for sun exposure and remained statistically
significant even after adjustment for the practice of outdoor
hobbies or sports (mountain or nautical). This suggests that
Table 2. (Continued)
n
410–p20 vs. 420ngml 1 p10 vs. 420ngml 1
P1
OR 95% CI OR 95% CI
February–March 732 2.4 1.8–3.3 4.8 2.8–8.2
April–May 204 1.7 1.1–2.7 3.7 1.9–7.0
Intensity of lifetime sun exposure2 o0.0001
Quartile 1 364 1.0 1.0
Quartile 2 589 0.7 0.5–1.0 0.4 0.3–0.6
Quartile 3 391 0.5 0.4–0.7 0.2 0.1–0.4
Quartile 4 484 0.5 0.3–0.6 0.2 0.1–0.3
Fitzpatrick phototype3 0.04
I 73 1.0 1.0
II 428 0.9 0.5–1.8 0.7 0.3–1.5
III 1020 0.8 0.4–1.5 0.7 0.3–1.5
IV 307 0.7 0.3–1.3 0.4 0.2–1.0
Abbreviations: CI, confidence interval; OR, odds ratio; 25OHD, 25-hydroxyvitamin D.
Three classes of 25OHD status: deficiency, p10 ng ml1/insufficiency, 10o25OHDp20 ng ml 1/reference¼ normal status, 25OHD420 ng ml1.
1P non-trend (y) or P for linear trend from a multivariate model of unconditional polytomous logistic regression including all studied nongenetic factors and
adjusted for the number of dietary records. Polytomous logistic regression models permit estimation of simultaneous odds in a single model. The three 25OHD
categories were modeled as a nominal dependent variable.
2Cutoffs for quartiles of continuous variables were as follow: alcohol intake (g per d), 11.3/24.0/42.8 in men and 1.4/5.8/15.4 in women; vitamin D intake (mg
per d), 1.7/2.7/4.1 in men and 1.4/2.1/3.3 in women; latitude (1), 45.4/48/48.5; and intensity of lifetime exposure (score, 0–10), 1.7/4.4/8.2.
3I: always burns, never tans; II: burns easily, tans minimally; III: burns moderately, tans uniformly; and IV: burns minimally, always tans well. Only these four
phototypes were represented in this Caucasian population.
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Table 3. Associations between 25OHD status (three classes) and 10 selected SNPs, SU.VI.MAX cohort, France
(N¼ 1,828)
n
410–p20 vs. 420ngml 1 p10 vs. 420ngml 1
P-trend1
OR 95% CI OR 95% CI
VDR BsmI rs15444102 0.6
WT 616 1.0 1.0
HT 764 1.0 0.8–1.3 1.1 0.7–1.5
MT 312 1.0 0.7–1.4 1.2 0.8–1.9
VDR FokI rs2228570/107358102 0.6
WT 740 1.0 1.0
HT 787 1.0 0.8–1.3 1.1 0.8–1.6
MT 271 1.1 0.8–1.6 1.1 0.7–1.8
VDR Cdx2 rs115688202 0.9
WT 1,011 1.0 1.0
HT 636 1.0 0.8–1.2 1.1 0.8–1.5
MT 104 1.2 0.7–1.9 1.2 0.6–2.3
CYP24A1 rs48099582 0.2
WT 1,220 1.0 1.0
HT 491 0.8 0.6–1.0 1.0 0.7–1.4
MT 37 1.0 0.4–2.1 1.4 0.5–3.9
GC rs45882 o0.0001
WT 873 1.0 1.0
HT 731 1.5 1.2–1.9 2.0 1.5–2.9
MT 170 1.8 1.2–2.8 4.9 3.0–8.1
GC rs70412 o0.0001
WT 370 1.0 1.0
HT 843 0.8 0.6–1.0 0.6 0.4–1.0
MT 571 0.6 0.4–0.7 0.3 0.2–0.5
RXR rs78617792 0.8
WT 1,301 1.0 1.0
HT 376 1.1 0.8–1.4 1.2 0.8–1.8
MT 26 1.0 0.4–2.4 1.2 0.4–4.3
RXR rs120045892 0.8
WT 1,375 1.0 1.0
HT 363 1.1 0.9–1.5 1.1 0.8–1.6
MT 20 0.5 0.2–1.7 1.3 0.4–4.8
CASR rs18017252 0.3
WT 1,255 1.0 1.0
HT 479 1.1 0.9–1.4 1.5 1.0–2.1
MT 42 1.3 0.7–2.7 0.8 0.3–2.5
CASR rs46781742 0.7
WT 850 1.0 1.0
HT 703 1.3 1.0–1.6 1.3 0.9–1.8
MT 163 0.9 0.6–1.4 0.8 0.4–1.4
Abbreviations: CI, confidence interval; HT, heterozygous type; MT, homozygous mutant type; OR, odds ratio; SNPs, single nucleotide polymorphisms; WT,
wild type; 25OHD, 25-hydroxyvitamin D.
Three classes of 25OHD status: deficiency, p10 ng ml1/insufficiency, 10o25OHDp20 ng ml 1/reference¼ normal status, 25OHD420 ng ml1.
1P for linear trend from multivariate models of unconditional polytomous logistic regression adjusted for sex, age, alcohol intake, body mass index, physical
activity, smoking status, educational level, number of dietary records, vitamin D dietary intake, latitude of the living city, month of blood draw, intensity of
lifetime sun exposure, and Fitzpatrick phototype. One model was computed for each SNP. Polytomous logistic regression models permit estimation of
simultaneous odds in a single model. The three 25OHD categories were modeled as a nominal dependent variable.
2n for missing data were as follows: 136 (rs1544410), 30 (rs2228570/10735810), 77 (rs11568820), 80 (rs4809958), 54 (rs4588), 44 (rs7041), 125 (rs78617793),
70 (rs120045893), 52 (rs18017253), and 112 (rs46781743).
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physical activity as such (and not only via sun exposure during
such activities) could be causally associated with better
vitamin D status, as supported by the few studies in which
both exposures were measured simultaneously (Brock et al.,
2010; Bell et al., 1988).
In our population study, alcohol intake (which was moder-
ate) was positively correlated with vitamin D status. Although
excessive alcohol intake has been associated with lower
25OHD concentrations (Bjorneboe et al., 1986), the same
positive association between moderate alcohol intake and
better vitamin D status has been observed in several previous
studies (Bertrand et al., 2012; Saquib et al., 2006; Shirazi
et al., 2013; Thuesen et al., 2012; Engelman et al., 2013;
Larose et al., 2014; McCullough et al., 2010; Lee et al., 2012).
Whether this relationship is causal or only due to residual
confounding remains unclear. However, it remained signifi-
cant even after extensive adjustment for potential confoun-
ders. Consistently, several studies showed that bone mineral
density was higher among moderate alcohol consumers
(Orwoll et al., 2000; Saquib et al., 2006). The biochemical
processes underlying the relationship between alcohol and
vitamin D concentrations are complex. One possible hypo-
thesis is that alcohol might be a suppressor of PTH secretion
and thus responsible for a decrease in serum conversion of
25OHD to 1,25-dihydroxyvitamin D (Turner et al., 1988;
McCarty and Thomas, 2003). Unconverted 25OHD may be
responsible for higher serum 25OHD concentrations. However,
even if a causal association is confirmed by future studies,
alcohol intake, even moderate, should evidently not be
recommended as a lever for vitamin D status improvement,
because of its adverse effects on other health outcomes such
as cancers (AICR/WCRF, 2007).
Several methodological reasons, such as the potentially
nonlinear association of 25OHD levels at the low range and
the inaccuracies inherent in assessing dietary intake, may
explain the null association between dietary vitamin D intake
and 25OHD concentrations. However, mean daily dietary
vitamin D intake in our study population (2.9mg per day) was
below the daily recommended intake of 5mg per day for
French adults o75 years and far below international recom-
mendations (Institute of Medicine, 2011), some groups
recommending at least 20mg per day of dietary/supple-
mental vitamin D intake (Brouwer-Brolsma et al., 2013).
This probably largely explains why we did not observe any
association between dietary vitamin D intake and 25OHD
plasma concentrations, consistent with several studies in
Europe (Thuesen et al., 2012; Perna et al., 2012; van der
Wielen et al., 1995). Indeed, in France, dietary sources of
vitamin D are more limited than in other countries where
dietary vitamin D intake is positively associated with vitamin
D status (Freedman et al., 2013; Snellman et al., 2009; Zgaga
et al., 2011). As some foods fortified with vitamin D (such as
vegetable oils) appeared on the French market in the last
decade, it would be useful to re-conduct this study for data
update. However, as previously underlined, mean daily
vitamin D intake in our study was very similar to the level
observed in a recent French national survey (2.6mg per day;
Dubuisson et al., 2010).
Dietary supplement use was not allowed for participants of
the SU.VI.MAX (SUpple´mentation en VItamines et Mine´raux
AntioXydants) trial; thus, an impact of the use of such products
on vitamin D status could not be investigated. However, a few
subjects (n¼ 12, excluded from the present analysis) took
medication containing vitamin D. Their status was substan-
tially higher than non-supplemented subjects (35.1 vs.
20.0 ng ml1, data not shown).
The GC gene contains at least six nonsynonymous SNPs,
two with relatively common frequency (McCullough et al.,
2009; rs7041 and rs4588, with respective minor allele
frequency C¼0.386/840 and T¼0.216/471 according to
the 1000GENOMES database). These two SNPs were
strongly and independently associated with vitamin D status
in our population study. Both rs7041 and rs4588 were also
associated with vitamin D status in some previous studies
(Trummer et al., 2012; Engelman et al., 2008, 2013; Ahn
et al., 2010). The vitamin D-binding protein, encoded by the
GC gene, belongs to the albumin family. It greatly facilitates
vitamin D actions by carrying vitamin D metabolites to various
sites of action, and polymorphic vitamin D-binding proteins
differ in their affinities for 25OHD (Powe et al., 2013).
Overall, results on PTH correlates were consistent with
those on 25OHD. However, although dietary intake of
vitamin D was poorly correlated with 25OHD status, the
association seemed stronger regarding PTH (inverse associa-
tion). Additional epidemiological and experimental studies are
needed to further elucidate this result.
In terms of public health, the interest of our results is that
several modifiable risk factors of vitamin D deficiency were
identified. A substantial potential impact (þ32.7%) on
increasing vitamin D status was observed for normal weight
compared with obese subjects. Consistently, Vimaleswaran
et al. (2013) recently demonstrated the causality of this
association by a bidirectional Mendelian randomization
analysis of multiple cohorts and concluded that population
level interventions to reduce BMI are expected to decrease the
prevalence of vitamin D deficiency. Other potential impacts of
modifiable risk factors were þ15% of 25OHD concentrations
for those who practiced at least 1 h per day walking equivalent
compared with irregular physical activity and þ16.3% for
low-to-moderate daily-life sun exposure (quartile 2 of the
score) compared with no sun exposure at all (quartile 1).
Some limitations should be acknowledged. First, caution is
needed when extrapolating our results to the entire middle-
aged Caucasian French population. Indeed, our subjects
were volunteers participating in a nutritional intervention
study (Hercberg et al., 2004) who generally had a higher
educational level and occupational status compared with the
general population. However, the mean plasma 25OHD
concentration observed in this study (20.0 ng ml 1) was very
close to the value observed in a French nationally repre-
sentative survey conducted in 2006–2007 on adults aged
X18 years (23.2 ng ml1; Castetbon et al., 2009), although
slightly lower probably because of an overall older age of our
study population and the use of a different kit for the 25OHD
assay. Next, measurements of 25OHD concentrations were
not taken by a mass spectrometry method, and there were no
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data available on the vitamin D-binding protein. However, the
Roche Vitamin D Total assay is judged suitable for
measurement of total 25OHD in serum and Li-heparin
plasma (Knudsen et al., 2012). Finally, other genes such as
CYP2R1 or NADSYN1 could also influence vitamin D status
(Hiraki et al., 2013; Wang et al., 2010; Engelman et al., 2013;
Ahn et al., 2010; Bu et al., 2010), for which no data were
available in our study.
In conclusion, this study provided an overall picture of
potential determinants of vitamin D status in the same data set,
including detailed data on sun exposure, dietary intake of
vitamin D, genetic polymorphisms, and sociodemographic
and lifestyle factors collected on a large sample of French
middle-aged adults. This approach allowed identifying several
factors that independently modulate vitamin D status. Some
key determinants pertained to non-modifiable risk factors such
as gender, age, and main polymorphisms of the GC gene.
Although dietary vitamin D intake seemed to have low
influence on vitamin D status, several modifiable factors
were identified, such as daily-life sun exposure (efficient
even at low levels), physical activity, and normal-weight
maintenance. These factors should be targeted by public
health policies in order to improve vitamin D status of the
general population, while avoiding active/intensive sun
exposure, in line with recommendations for skin cancer
prevention.
MATERIALS AND METHODS
Study population
The SU.VI.MAX study is a population-based, double-blind,
placebo-controlled, randomized trial (Trial Registration clin-
icaltrials.gov NCT00272428) initially designed to assess the
effect of a 7.5-year daily antioxidant supplementation on the
incidence of cardiovascular disease and cancer (Hercberg
et al., 2004). A total of 13,017 participants were enrolled
in 1994–1995. All of them provided written informed
consent. The study was conducted according to the Declara-
tion of Helsinki guidelines and was approved by the Ethical
Committee for Studies with Human Subjects at the
Paris-Cochin Hospital (CCPPRB n1706) and the ‘‘Commission
Nationale de l’Informatique et des Liberte´s’’ (CNIL n1334641).
Participants were advised not to take any spontaneous
supplementation during the study period. Health events were
self-declared by participants during follow-up. All information
was reviewed by an independent expert committee, and cases
were validated by pathological report.
A nested case-control study was set up to investigate
the association between vitamin D status and cancer risk
and thus included all first primary incident cancer cases
diagnosed between 1994 and 2007 (n¼928) and two
matched controls per case (n¼ 1,850). Controls were ran-
domly selected among the participants of identical sex, age,
intervention group, and season of blood draw and without
cancer diagnosis by the end of follow-up. The present study
focuses on the controls of this nested case-control study.
Baseline data collection has been described elsewhere
(Hercberg et al., 2004) and is detailed in Supplementary
Materials and Methods 1 online.
Plasma 25OHD and PTH concentrations’ assessment
Baseline (1994) plasma samples were used to determine the
concentrations of 25OHD and PTH. Total plasma 25OHD
assay was performed using Roche Cobas electrochemolumi-
nescent immunoassay (Roche Diagnostics, Meylan, France),
based on the principle of competitive binding. Eight samples
of known 25OHD concentrations were tested in 42 separate
assays to assess interassay precision. Eight samples of known
concentrations were tested 21 times in the same assay to
assess intraassay precision. The intraassay and interassay
coefficients of variation were o10%. 25OHD had an intraas-
say coefficient of variation equal to 4.5% and an interassay
coefficient of variation equal to 6.6%.
Plasma PTH concentration was assessed with the Roche
Cobas electrochemoluminescent immunometric assay (Roche
Diagnostics; Rakel et al., 2005).
Genotyping and quality control
One-to-three SNPs were selected for each gene of interest
(VDR, CYP24A1, GC, RXR, and CASR) on the basis of two
criteria: (1) most common polymorphisms in Caucasian
populations (http://www.ncbi.nlm.nih.gov/guide/howto/view-
gen-freq/) and (2) predicted functional effect according to
the PUPA database (http://snpeffect.vib.be and http://pupasui-
te.bioinfo.cipf.es/). Genomic DNA was extracted from each
patient’s mononuclear cells in peripheral blood using a
MagNA Pure Compact Instrument with a magnetic-bead
technology for the isolation process according to the manu-
facturer’s instructions (Roche Diagnostics). Genetic poly-
morphisms were assessed by allelic discrimination using
fluorogenic probes and the 50 nuclease (TaqMan) assay
(Applied Biosystems, Foster City, CA). Quality control of
genotyping was carried out for each SNP by investigating
any departure from Hardy–Weinberg equilibrium and com-
paring observed distributions to those of European reference
populations: CSHL-HapMap-CEU and 1000GENOMES-pha-
se_1_EUR (http://www.ensembl.org/) by w2-tests.
Statistical analyses
Among the 1,850 eligible participants, several were excluded
for taking a medication containing vitamin D (n¼12), ante-
cedent of epilepsy (n¼3), chronic renal failure (n¼3), or less
than two dietary records provided within the first 2 years of the
study (n¼ 4). Thus, 1,828 subjects remained for analysis.
The dwelling latitude of the administrative center was
retrieved for each department of living (metropolitan France).
Participants completed a 14-item questionnaire on lifetime sun
exposure and protection behaviors, specifically developed in
the context of the SU.VI.MAX study, with six questions investi-
gating awareness of risks related to sun exposure. Following, a
validated score of intensity of lifetime sun exposure was
computed by principal component analysis for each partici-
pant (continuous variable; Guinot et al., 2001; Ezzedine et al.,
2008, 2013; Elfakir et al., 2010). In addition, as described in a
previous publication (Guinot et al., 2001), three additional
scores, related both to sun exposure and physical activity dimen-
sions, were also computed (continuous variables): practice of
mountain sports, nautical sports, and outdoor hobbies.
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Associations between vitamin D status and the following
parameters were assessed: gender, age, BMI (BMI¼weight/
height2), physical activity, smoking status, educational level,
sex-specific quartiles of dietary intakes of vitamin D and
alcohol, latitude, score of intensity of lifetime sun exposure,
Fitzpatrick phototype, and month of blood draw. Multivariate
models included all these variables and were additionally
adjusted for the number of dietary records provided by the
subjects. We verified that all tolerance measures were X0.7,
indicating no collinearity problem between covariates
(Menard, 2002; O’Brien, 2007). 25OHD plasma concentra-
tion was first considered as a continuous variable in multi-
variate linear regression models. A Box–Cox transformation
was applied to the continuous 25OHD variable to improve
normality. Then, the probabilities of 25OHD deficiency
(p10 ng ml1) and insufficiency (410–p20 ng ml1) were
modeled by unconditional multivariate polytomous logistic
regression analysis (Engel, 1988; reference category¼ ‘normal’
status, i.e., 420 ng ml 1; 25OHD status treated as a nominal
variable). These thresholds were based on the US Institute of
Medicine’s recommendations for the general population
(Institute of Medicine, 2011). Odds ratios (ORs) and 95%
CIs were computed. Associations between scores of mountain
and nautical sports and outdoor hobbies and vitamin D status
were investigated in multivariate models that included all
previously cited variables.
Associations between each SNP (coded as wild/heterozygous/
mutant types) and vitamin D status were assessed separately by
linear regression and polytomous logistic regression models
adjusted for all previously mentioned nongenetic factors.
As 25OHD and PTH are known to be inversely correlated
and may both be associated with the study covariates (Pilz
et al., 2012; Touvier et al., 2014), we have also performed the
same linear regression models with PTH instead of 25OHD
concentration.
All statistical tests were two sided, and Po0.05 was con-
sidered significant and was not adjusted for multiple testing. All
analyses were performed with SAS software (v9.3, Cary, NC).
CONFLICT OF INTEREST
The authors state no conflict of interest.
ACKNOWLEDGMENTS
This work was supported by a grant from the French Research Institute for
Public Health (IRESP N1AAR201206) and Me´lanie Deschasaux was funded by
a PhD grant from the Cance´ropoˆle Ile-de-France (public funding from the Paris
region). We thank Younes Esseddik, Paul Flanzy, Mohand Ait Oufella, Yasmina
Chelghoum, and Than Duong Van (computer scientists); Florence Charpentier
(dietitian); Nathalie Arnault, Ve´ronique Gourlet, Fabien Szabo, Laurent Bourhis,
and Stephen Besseau (statisticians); and Rachida Mehroug (logistics assistant) for
their technical contribution to the SU.VI.MAX study. We also thank Emmanuelle
Mauger for her contribution to the data management and computation of the sun
exposure questionnaire. The work was done in Bobigny, France.
DISCLAIMER
The funders had no role in the design, implementation, analysis, or interpreta-
tion of the data.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/jid
REFERENCES
Ahn J, Yu K, Stolzenberg-Solomon R et al. (2010) Genome-wide association
study of circulating vitamin D levels. Hum Mol Genet 19:2739–45
AICR/WCRF (2007) Food, Nutrition, Physical Activity and the Prevention of
Cancer: a Global Perspective. AICR: Washington, DC
Bell NH, Godsen RN, Henry DP et al. (1988) The effects of muscle-building
exercise on vitamin D and mineral metabolism. J Bone Miner Res 3:369–73
Berger C, Greene-Finestone LS, Langsetmo L et al. (2012) Temporal trends and
determinants of longitudinal change in 25-hydroxyvitamin D and para-
thyroid hormone levels. J Bone Miner Res 27:1381–9
Bertrand KA, Giovannucci E, Liu Y et al. (2012) Determinants of plasma
25-hydroxyvitamin D and development of prediction models in three US
cohorts. Br J Nutr 108:1889–96
Bjorneboe GE, Johnsen J, Bjorneboe A et al. (1986) Effect of alcohol
consumption on serum concentration of 25-hydroxyvitamin D3, retinol,
and retinol-binding protein. Am J Clin Nutr 44:678–82
Bouillon R (2010) Genetic and environmental determinants of vitamin D status.
Lancet 376:148–9
Brock K, Huang WY, Fraser DR et al. (2010) Low vitamin D status is associated
with physical inactivity, obesity and low vitamin D intake in a large US
sample of healthy middle-aged men and women. J Steroid Biochem Mol
Biol 121:462–6
Brouwer-Brolsma EM, Bischoff-Ferrari HA, Bouillon R et al. (2013) Vitamin D:
do we get enough? A discussion between vitamin D experts in order to
make a step towards the harmonisation of dietary reference intakes for
vitamin D across Europe. Osteoporos Int 24:1567–77
Bu FX, Armas L, Lappe J et al. (2010) Comprehensive association analysis of
nine candidate genes with serum 25-hydroxy vitamin D levels among
healthy Caucasian subjects. Hum Genet 128:549–56
Castetbon K, Vernay M, Malon A et al. (2009) Dietary intake, physical activity
and nutritional status in adults: the French nutrition and health survey
(ENNS, 2006-2007). Br J Nutr 102:733–43
Daly RM, Gagnon C, Lu ZX et al. (2012) Prevalence of vitamin D deficiency
and its determinants in Australian adults aged 25 years and older: a
national, population-based study. Clin Endocrinol (Oxf) 77:26–35
Dubuisson C, Lioret S, Touvier M et al. (2010) Trends in food and nutritional
intakes of French adults from 1999 to 2007: results from the INCA
surveys. Br J Nutr 103:1035–48
Elfakir A, Ezzedine K, Latreille J et al. (2010) Functional MC1R-gene variants
are associated with increased risk for severe photoaging of facial skin.
J Invest Dermatol 130:1107–15
Engel J (1988) Polytomous logistic regression. Stat Neerl 42:233–52
Engelman CD, Fingerlin TE, Langefeld CD et al. (2008) Genetic and environ-
mental determinants of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin
D levels in Hispanic and African Americans. J Clin Endocrinol Metab
93:3381–8
Engelman CD, Meyers KJ, Iyengar SK et al. (2013) Vitamin D intake and season
modify the effects of the GC and CYP2R1 genes on 25-hydroxyvitamin D
concentrations. J Nutr 143:17–26
Ezzedine K, Malvy D, Mauger E et al. (2008) Artificial and natural ultraviolet
radiation exposure: beliefs and behaviour of 7200 French adults. J Eur
Acad Dermatol Venereol 22:186–94
Ezzedine K, Mauger E, Latreille J et al. (2013) Freckles and solar lentigines have
different risk factors in Caucasian women. J Eur Acad Dermatol Venereol
27:e345–56
Freedman DM, Cahoon EK, Rajaraman P et al. (2013) Sunlight and other
determinants of circulating 25-hydroxyvitamin D levels in black and white
participants in a nationwide U.S. study. Am J Epidemiol 177:180–92
Giovannucci E, Liu Y, Rimm EB et al. (2006) Prospective study of predictors of
vitamin D status and cancer incidence and mortality in men. J Natl
Cancer Inst 98:451–9
Glossmann HH (2013) Oral supplementation with calcitriol, calcidiol, vitamin
D3 or moderate sun exposure? J Invest Dermatol 133:2648–9
Greene-Finestone LS, Berger C, de Groh M et al. (2011) 25-Hydroxyvitamin D
in Canadian adults: biological, environmental, and behavioral correlates.
Osteoporos Int 22:1389–99
M Touvier et al.
Determinants of Vitamin D Status
www.jidonline.org 387
Guinot C, Malvy D, Latreille J et al. (2001) Sun exposure behaviour of a general
adult population in France. In: Monduzzi (ed) Skin and Environment—
Perception and Protection. Monduzzieditore: Bologna, 1099–106
Hercberg S, Galan P, Preziosi P et al. (2004) The SU.VI.MAX study: a
randomized, placebo-controlled trial of the health effects of antioxidant
vitamins and minerals. Arch Intern Med 164:2335–42
Hintzpeter B, Mensink GB, Thierfelder W et al. (2008) Vitamin D status and
health correlates among German adults. Eur J Clin Nutr 62:1079–89
Hiraki LT, Major JM, Chen C et al. (2013) Exploring the genetic architecture of
circulating 25-hydroxyvitamin D. Genet Epidemiol 37:92–8
Holick MF (2007) Vitamin D deficiency. N Engl J Med 357:266–81
Institute of Medicine (2011) Dietary Reference Intakes for Calcium and Vitamin
D. The National Academies Press: Washington, DC
Knudsen CS, Nexo E, Hojskov CS et al. (2012) Analytical validation of the
Roche 25-OH Vitamin D Total assay. Clin Chem Lab Med 50:1965–8
Larose TL, Chen Y, Camargo CA Jr et al. (2014) Factors associated with vitamin
D deficiency in a Norwegian population: the HUNT Study. J Epidemiol
Community Health 68:165–70
Lee K (2012) Sex-specific relationships between alcohol consumption and
vitamin D levels: The Korea National Health and Nutrition Examination
Survey 2009. Nutr Res Pract 6:86–90
Lehmann B, Querings K, Reichrath J (2004) Vitamin D and skin: new aspects
for dermatology. Exp Dermatol 13(Suppl 4):11–5
Lucas JA, Bolland MJ, Grey AB et al. (2005) Determinants of vitamin D status in
older women living in a subtropical climate. Osteoporos Int 16:1641–8
Major JM, Graubard BI, Dodd KW et al. (2013) Variability and reproducibility
of circulating vitamin D in a nationwide U.S. population. J Clin
Endocrinol Metab 98:97–104
Mason C, Xiao L, Imayama I et al. (2011) Effects of weight loss on serum
vitamin D in postmenopausal women. Am J Clin Nutr 94:95–103
McCarty MF, Thomas CA (2003) PTH excess may promote weight gain by
impeding catecholamine-induced lipolysis-implications for the impact of
calcium, vitamin D, and alcohol on body weight. Med Hypotheses
61:535–42
McCullough ML, Bostick RM, Mayo TL (2009) Vitamin D gene pathway
polymorphisms and risk of colorectal, breast, and prostate cancer. Annu
Rev Nutr 29:111–32
McCullough ML, Weinstein SJ, Freedman DM et al. (2010) Correlates of
circulating 25-hydroxyvitamin D: Cohort Consortium Vitamin D Pooling
Project of Rarer Cancers. Am J Epidemiol 172:21–35
Menard S (2002) Applied Logistic Regression Analysis. 2nd edn. Sage
Publications: Thousand Oaks, CA
Mithal A, Wahl DA, Bonjour JP et al. (2009) Global vitamin D status and
determinants of hypovitaminosis D. Osteoporos Int 20:1807–20
O’Brien RM (2007) A caution regarding rules of thumb for variance inflation
factors. Qual Quant 41:673–90
Orwoll ES, Bevan L, Phipps KR (2000) Determinants of bone mineral density in
older men. Osteoporos Int 11:815–21
Perna L, Haug U, Schottker B et al. (2012) Public health implications of
standardized 25-hydroxyvitamin D levels: a decrease in the prevalence of
vitamin D deficiency among older women in Germany. Prev Med
55:228–32
Petersen B, Wulf HC, Triguero-Mas M et al. (2014) Sun and ski holidays improve
vitamin D status, but are associated with high levels of DNA damage. J
Invest Dermatol; e-pub ahead of print 10 July 2014 (doi:10.1038/
jid.2014.223)
Pilz S, Kienreich K, Stuckler D et al. (2012) Associations of sun exposure with
25-hydroxyvitamin D and parathyroid hormone levels in a cohort of
hypertensive patients: The Graz Endocrine Causes of Hypertension
(GECOH) Study. Int J Endocrinol 2012:732636
Powe CE, Evans MK, Wenger J et al. (2013) Vitamin D-binding protein and
vitamin D status of black Americans and white Americans. N Engl J Med
369:1991–2000
Rakel A, Brossard JH, Patenaude JV et al. (2005) Overproduction of an amino-
terminal form of PTH distinct from human PTH(1-84) in a case of severe
primary hyperparathyroidism: influence of medical treatment and surgery.
Clin Endocrinol (Oxf) 62:721–7
Reichrath J (2007) Vitamin D and the skin: an ancient friend, revisited. Exp
Dermatol 16:618–25
Rosen CJ (2011) Clinical practice. Vitamin D insufficiency. N Engl J Med
364:248–54
Saquib N, von MD, Garland CF et al. (2006) Serum 25-hydroxyvitamin D,
parathyroid hormone, and bone mineral density in men: the Rancho
Bernardo study. Osteoporos Int 17:1734–41
Shirazi L, Almquist M, Malm J et al. (2013) Determinants of serum levels of
vitamin D: a study of life-style, menopausal status, dietary intake, serum
calcium, and PTH. BMC Womens Health 13:33
Snellman G, Melhus H, Gedeborg R et al. (2009) Seasonal genetic influence on
serum 25-hydroxyvitamin D levels: a twin study. PLoS One 4:e7747
Thuesen B, Husemoen L, Fenger M et al. (2012) Determinants of vitamin D
status in a general population of Danish adults. Bone 50:605–10
Touvier M, Chan DS, Lau R et al. (2011) Meta-analyses of vitamin D
intake, 25-hydroxyvitamin D status, vitamin D receptor polymorphisms,
and colorectal cancer risk. Cancer Epidemiol Biomarkers Prev 20:
1003–16
Touvier M, Deschasaux M, Montourcy M et al. (2014) Interpretation of plasma
PTH concentrations according to 25OHD status, gender, age, weight
status, and calcium intake: importance of the reference values. J Clin
Endocrinol Metab 99:1196–203
Trummer O, Schwetz V, Walter-Finell D et al. (2012) Allelic determinants of
vitamin d insufficiency, bone mineral density, and bone fractures. J Clin
Endocrinol Metab 97:E1234–40
Turner RT, Aloia RC, Segel LD et al. (1988) Chronic alcohol treatment results in
disturbed vitamin D metabolism and skeletal abnormalities in rats.
Alcohol Clin Exp Res 12:159–62
van der Wielen RP, Lowik MR, van den Berg H et al. (1995) Serum
vitamin D concentrations among elderly people in Europe. Lancet
346:207–10
Vimaleswaran KS, Berry DJ, Lu C et al. (2013) Causal relationship between
obesity and vitamin D status: bi-directional Mendelian randomization
analysis of multiple cohorts. PLoS Med 10:e1001383
Vimaleswaran KS, Cavadino A, Berry DJ et al. (2014) Association of vitamin D
status with arterial blood pressure and hypertension risk: a mendelian
randomisation study. Lancet Diabetes Endocrinol 2:719–29
Wang TJ, Zhang F, Richards JB et al. (2010) Common genetic determinants of
vitamin D insufficiency: a genome-wide association study. Lancet
376:180–8
Zasloff M (2005) Sunlight, vitamin D, and the innate immune defenses of the
human skin. J Invest Dermatol 125:xvi–i
Zgaga L, Theodoratou E, Farrington SM et al. (2011) Diet, environmental
factors, and lifestyle underlie the high prevalence of vitamin D deficiency
in healthy adults in Scotland, and supplementation reduces the proportion
that are severely deficient. J Nutr 141:1535–42
M Touvier et al.
Determinants of Vitamin D Status
388 Journal of Investigative Dermatology (2015), Volume 135
